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Abstract 18 
Glaciers respond to climate variations and leave geomorphic evidence that represents an 19 
important terrestrial paleoclimate record. However, the accuracy of paleoclimate 20 
reconstructions from glacial geology is limited by the challenge of representing mountain 21 
meteorology in numerical models. Precipitation is usually treated in a simple manner and yet 22 
represents difficult-to-characterize variables such as amount, distribution and phase. 23 
Furthermore, precipitation distributions during a glacial probably differed from present-day 24 
interglacial patterns. We applied two models to investigate glacier sensitivity to temperature 25 
and precipitation in the eastern Southern Alps of New Zealand. A 2-D model was used to 26 
quantify variations in the length of the reconstructed glaciers resulting from plausible 27 
precipitation distributions compared to variations in length resulting from change in mean 28 
annual air temperature and precipitation amount. A 1-D model was used to quantify 29 
variations in length resulting from interannual climate variability. Assuming that present-day 30 
interglacial values represent precipitation distributions during the last glacial, a range of 31 
plausible present-day precipitation distributions resulted in uncertainty in the Last Glacial 32 
Maximum length of the Pukaki Glacier of 17.1 km (24%) and the Rakaia Glacier of 9.3 km 33 
 2 
(25%), corresponding to a 0.5°C difference in temperature. Smaller changes in glacier length 34 
resulted from a 50% decrease in precipitation amount from present-day values (±14% and ±35 
18%), and from a 50% increase in precipitation amount (5% and 9%). Our results 36 
demonstrate that precipitation distribution can produce considerable variation in simulated 37 
glacier extents, and that reconstructions of paleoglaciers should include this uncertainty. 38 
 39 
1. Introduction 40 
Glacial geology is an important terrestrial record of past climate change [e.g. Kaplan et al., 41 
2010; Putnam et al., 2010]. Paleoclimate conditions can be inferred from this record using 42 
equilibrium line altitude (ELA) reconstructions based on mapping of paleoglacier shape [e.g. 43 
Porter, 1975] or using ice flow models that determine glacier volume [e.g. Anderson and 44 
Mackintosh, 2006; Doughty et al., 2013; Kaplan et al., 2013]. While both methods have 45 
advantages and disadvantages, the accuracy of the inferred paleoclimate is limited by the 46 
challenge of representing mountain meteorology in glacier models. Describing the spatial and 47 
seasonal variations of an essentially unchanging climate, and the temporal changes in 48 
climatic conditions that are likely to affect the glacier balance also presents potential 49 
difficulties to model applications. Near-surface air temperature and precipitation rates are 50 
typically assumed to have a linear relationship with altitude, but the interaction of air masses 51 
with high topography modifies the distribution of precipitation. Reconstructions of glaciers 52 
located in the temperate, westerly-dominated mid-latitudes²for example, the Patagonian 53 
Andes [Glasser et al., 2005; Kaplan et al., 2008] and the Southern Alps of New Zealand 54 
[Anderson and Mackintosh, 2006; Rother and Shulmeister, 2006; Golledge et al., 2012; 55 
Rowan et al., 2013]²reveal compelling evidence for glacier sensitivity to both temperature 56 
and precipitation distribution.  57 
 58 
The interaction between rugged, evolving topography and variable air circulation patterns is 59 
complex, and the distribution of precipitation in mountainous regions is often difficult to 60 
predict. Precipitation peaks do not correlate with the highest topography [Henderson and 61 
Thompson, 1999; Schultz et al., 2002; Steenburgh, 2003; Roe, 2005; Anders et al., 2006],  62 
and observations are scarce, as high-elevation rain gauges are frequently lacking and these 63 
data typically only represent short timespans [Groisman and Legates, 1994]. Moreover, 64 
precipitation amount, spatial distribution, temporal distribution and phase will vary with 65 
climate change, so present-day precipitation data may not represent conditions during a 66 
glacial. As a result, the representation of precipitation in glacier models may be 67 
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unsatisfactory and could result in unaccounted-for uncertainties in paleoclimate 68 
reconstructions [Rother and Shulmeister, 2006]. Seasonality in lapse rate [Doughty et al., 69 
2013], air temperature and precipitation amount [Golledge et al., 2010] may also modify 70 
mass balance. Many glacier modeling studies use summer±winter climatologies that do not 71 
consider the detail of these seasonal variations in meteorological variables. Furthermore, 72 
many glacier-modeling studies assume that glaciers were in equilibrium with the long-term 73 
mean values of temperature and precipitation amount. However, because glaciers also 74 
respond to interannual climate variations (climate noise) this assumption is likely to be 75 
invalid [Anderson et al., 2014].  76 
 77 
The purpose of this paper is to quantify variations in the extents of reconstructed glaciers 78 
resulting from a realistic range of precipitation distributions for the Southern Alps of New 79 
Zealand. We apply two glacier models to the eastern Southern Alps to demonstrate the need 80 
for more realistic representations of orographic patterns of rain and snowfall. We consider 81 
whether these glacier reconstructions are precise indicators of past climate change, or if a 82 
more realistic approach is to quantify glacier sensitivities to climate and use these to infer an 83 
envelope of likely paleoclimate change²an approach previously used by Anderson and 84 
Mackintosh [2006] and Golledge et al. [2012] for temperature and precipitation amount. Our 85 
paper builds on these previous studies to quantify uncertainties in simulated glacier extents 86 
due to precipitation distribution, precipitation phase, interannual climate variability and 87 
seasonality.  88 
 89 
1.1 The Southern Alps 90 
The Southern Alps of New Zealand (Fig. 1) are an excellent location to explore the climate 91 
sensitivity of glaciers [Oerlemans, 1997; Anderson and Mackintosh, 2006; Anderson et al., 92 
2010; Putnam et al., 2010; Doughty et al., 2013]. This 400 km long, ~120 km wide, 93 
northeast±southwest-trending mountain range has summit elevations exceeding 3000 m 94 
[Tippett and Kamp, 1995; Willett, 1999]. The axial trend of the range is perpendicular to the 95 
prevailing westerly winds, resulting in a steep west±east precipitation gradient. The central 96 
Southern Alps experience extremely high precipitation of up to 14 m per year on the western 97 
(upwind) side of the range, which decreases rapidly to the east [Henderson and Thompson, 98 
1999; Wratt et al., 2000]. The trend in ELA is strongly influenced by this precipitation 99 
gradient [Chinn, 1995], suggesting that orographic precipitation exerts a primary control on 100 
glaciation [Porter, 1975].  101 
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 102 
New Zealand is one of few landmasses in the southern mid-latitudes, and paleoclimate 103 
reconstructions from New Zealand are important for comparison with global records [e.g. 104 
Kaplan et al., 2010; Putnam et al., 2012]. The Last Glacial Maximum (LGM) occurred in 105 
New Zealand between 24±18 ka [Putnam et al., 2013b]. The late Quaternary geology is well 106 
preserved and records frequent and rapid climate change [Alloway et al., 2007; Barrell et al., 107 
2011]. There is little regional variation in bedrock lithology [Cox and Barrell, 2007], so 108 
glaciers are unlikely to be modified by their geological setting. Numerical simulations of the 109 
Southern Alps icefield [Golledge et al. 2012], the Ohau [Putnam et al., 2013b], the Pukaki 110 
[McKinnon et al., 2012] and the Rakaia [Rowan et al., 2013] Glaciers (Fig. 1) demonstrated 111 
that LGM mean annual air temperature was between 6°C and 8°C cooler than present-day 112 
values and may have been accompanied by a reduction of up to 25% in precipitation.  113 
 114 
1.2 Applications of glacier models in the Southern Alps 115 
Previous glacier modeling studies in the Southern Alps have focused on the Franz Josef 116 
Glacier (Fig. 1) to examine the climate sensitivity of this glacier [Oerlemans, 1997] and the 117 
drivers of the advance to the well-preserved Waiho Loop moraine [Anderson and 118 
Mackintosh, 2006; Anderson et al., 2008; Alexander et al., 2011]. Oerlemans [1997] and 119 
Anderson and Mackintosh [2006] demonstrated that differences in temperature rather than 120 
precipitation amount were the major control on the length of this glacier, but that high 121 
precipitation values enhanced temperature sensitivity; Oerlemans [1997] showed that the 122 
Franz Josef Glacier receded 1.5 km per °C of warming, whereas Anderson and Mackintosh 123 
[2006] showed that the glacier advanced at a rate of 3.3 km per °C of cooling. This difference 124 
was attributed to 2HUOHPDQV¶ unrealistically low precipitation values [Tovar et al., 2008; 125 
Shulmeister et al., 2009; Alexander et al., 2011]. Energy-balance calculations for the 126 
Brewster Glacier indicated high temperature sensitivity; a 50% change in precipitation 127 
amount was required to offset a temperature difference of 1°C [Anderson et al., 2010]. The 128 
Pukaki Glacier has a greater temperature sensitivity than the Brewster Glacier; an 82% 129 
increase in precipitation amount is required to offset a temperature difference of ±1°C 130 
[Anderson and Mackintosh, 2012], probably due to the difference in the hypsometry of these 131 
glaciers. There may be uncertainty in simulated glacier extents due to bed geometry and 132 
subglacial erosion independent of climate change. A flowline model of the Pukaki Glacier 133 
indicated that variations in the bed topography could have forced kilometer-scale variation in 134 
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glacier length to form the two distinct LGM moraine sequences in this valley [McKinnon et 135 
al., 2012].  136 
 137 
The poor fit of some simulated glaciers to mapped moraines, particularly when the model 138 
features more than one glacier, indicates the need to quantify the uncertainties associated 139 
with the application of glacier models to avoid misleadingly precise paleoclimate estimates. 140 
In a model reconstruction of glaciers in the eastern Southern Alps, the Rakaia Glacier was 141 
under-represented by the LGM simulation that provided the best fit to the geological data 142 
compared to the neighbouring Rangitata and Ashburton Glaciers [Rowan et al., 2013]. A 143 
model reconstruction of the Southern Alps LGM icefield generally provided a good fit to the 144 
glacial geology, although for some glaciers including the Rakaia, this simulation 145 
underestimated the LGM terminus positions [Golledge et al., 2012]. Increasing the simulated 146 
length of the Rakaia Glacier to reach the LGM extents required either further cooling of ±147 
0.25°C from an LGM simulation with a temperature difference of ±6.5°C and no change in 148 
precipitation amount from present-day values [Rowan et al., 2013], or further cooling of ±149 
1.75°C from an LGM simulation with a temperature difference of ±6.25°C and a 25% 150 
reduction in precipitation amount from present-day values [Golledge et al., 2012].  151 
 152 
2. Methods 153 
2.1 The 2-D and 1-D glacier models 154 
We applied a 2-D energy±mass balance and ice flow model implementing the shallow-ice 155 
approximation [Plummer and Phillips, 2003], and a 1-D shallow-ice approximation flowline 156 
model [5RHDQG2¶1HDO, 2009] to catchments in the eastern Southern Alps (Fig. 1). We used 157 
the 2-D model to investigate how temperature and precipitation modify the energy balance 158 
and extents of these glaciers, while the 1-D model was used for experiments investigating 159 
fluctuations in glacier length forced by interannual climate variability [cf. Anderson et al., 160 
2014]. The 2-D glacier model has previously been applied to glaciers in the USA [Plummer 161 
and Phillips, 2003; Laabs et al., 2006; Refsnider et al., 2008] and New Zealand [Rowan et 162 
al., 2013; Putnam et al., 2013a]. These glacier models are based on the shallow-ice 163 
approximation developed for large ice sheets with shallow bed topography [Hutter, 1983], 164 
which represents the longitudinal but not the transverse stresses of flowing ice and is 165 
unsuitable for glaciers with dominantly steep bed topography [Le Meur et al., 2004]. 166 
Previous studies have successfully applied the shallow-ice approximation to glaciers in New 167 
Zealand [Anderson and Mackintosh, 2006; Rowan et al., 2013] and elsewhere [Oerlemans et 168 
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al., 1998; Kessler and Anderson, 2006; Refsnider et al., 2008] and we consider this 169 
approximation valid for the large, low-angle valley glaciers that occupied the eastern 170 
Southern Alps.  171 
 172 
The model domain includes the Rakaia to the Pukaki valleys (Fig. 1). The Land Information 173 
New Zealand (LINZ) 50-m digital elevation model (DEM) was resampled to a 200-m grid 174 
spacing to describe topography (Table 1). Present-day ice volumes were removed from the 175 
DEM before applying the glacier models following the method of Golledge et al. [2012] 176 
using glacier outlines defined by LINZ and assuming a uniform basal shear stress (Ĳb) of 150 177 
kPa 178 
 179 
+ Ĳb ȡ JVLQĮ , (1) 180 
 181 
where H is ice thickness, ȡ is the density of pure glacier ice (917 kg m-3) [Cuffey and 182 
Paterson, 2010], g is acceleration due to gravity (9.81 m s-1) and Į is the glacier surface slope 183 
taken from the resampled DEM. Model parameter values followed Rowan et al. [2013] for 184 
the Rakaia±Rangitata Glaciers (Table 1). After an initial simulation for a particular 185 
temperature difference, the simulated glaciers were added to the DEM to iteratively 186 
recalculate mass balance across the glacier allowing for the increase in surface elevation with 187 
greater ice volume. Calculated mass balance and DEM topography were used as inputs to the 188 
ice flow model to calculate ice thickness. Results from the ice flow model were considered 189 
acceptable when the integrated mass balance (the difference between accumulation and 190 
ablation across the entire glacier) was within 5% of steady state.  191 
 192 
We tested the variability in glacier volume from a baseline model of the present-day climate 193 
resulting from; uniform differences in mean annual air temperature (hereafter referred to as 194 
temperature), for example, present-day mean annual air temperature minus 1°C (hereafter 195 
ǻT); and multiplicative differences in precipitation amount, for example, 75% of present-day 196 
precipitation amount (hereafter P). Temperature difference is defined here as an increase or 197 
decrease in temperature calculated as 30-year means from daily measurements. Elsewhere in 198 
the glaciological literature, temperature difference PD\ EH UHIHUUHG WR DV ³WHPSHUDWXUH199 
FKDQJH´, implying variation in temperature throughout each simulation.  200 
 201 
2.2 Climatological data 202 
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The climate inputs to our baseline model (Table 1) were based on 123 automatic weather 203 
stations (AWS) in the national climate database CliFlo (http://cliflo.niwa.co.nz/). We used 204 
30-year (1971±2000) monthly mean and daily standard deviation values for temperature, 205 
monthly means for relative humidity and wind speed, and 30-year mean annual values for 206 
cloudiness. Although interannual variability was observed in the meteorological data, we 207 
used 30-year mean values as input to the 2-D model, as variations in climate with a shorter 208 
period than the JODFLHU¶V response time are unlikely to produce the magnitude of length 209 
fluctuations we are examining (10±80 km length fluctuations).  210 
 211 
In the baseline model, precipitation distribution was defined using the National Institute of 212 
Water and Atmospheric Research (NIWA) 500-m gridded data [Tait et al., 2006]. 213 
Comparison with river flow measurements indicated that the NIWA data are within 25% of 214 
the total water input to the catchments in question [Tait et al., 2006], and probably record 215 
most rainfall but only some snowfall due to the limitations of standard precipitation gauging 216 
techniques [Goodison, 1978; Yang et al., 1998]. We applied the method of Yang et al. [1998] 217 
for a standard rain gauge to estimate the proportion of both precipitation phases that are not 218 
recorded by these gauges. The difference in amount between the gauge-estimated values and 219 
the modeled precipitation for the model domain was 11% for rainfall and 49% for snowfall, 220 
implying that the total annual precipitation amount was 144% of that recorded. To reflect this 221 
estimate of gauge undercatch, we increased the precipitation input to the 2-D baseline model 222 
by these ratios and again simulated glacier lengths. After increasing precipitation amount in 223 
line with this estimate, the LGM Rakaia Glacier simulated under the same ǻT (±6.5°C) was 224 
4.1 km (10%) longer, which equated to a ǻT of less than ±0.5°C.  225 
 226 
2.3 Experimental design 227 
Glacier sensitivity to temperature, precipitation amount and distribution, interannual climate 228 
variability, temperature seasonality, precipitation seasonality and precipitation phase was 229 
investigated for the eastern Southern Alps. We considered glacier sensitivity to climate 230 
change in terms of both change in mass balance and change in glacier length (volume) [cf. 231 
Oerlemans, 1997]. We performed five sets of experiments, each comprising multiple model 232 
simulations, to quantify uncertainty in simulated glacier extents resulting from: 233 
x Experiment 1: Differences in temperature ǻT) from the baseline model describing 234 
present-day climate 235 
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x Experiment 2: Differences in precipitation amount (P) from the baseline model within 236 
a plausible worldwide present-day range 237 
x Experiment 3: Precipitation distribution using five estimated precipitation 238 
distributions and three statistical approximations of precipitation for the central 239 
Southern Alps (Table 2) 240 
x Experiment 4: Interannual climate variability defined by the present-day standard 241 
deviation of mean melt season (December±February) temperature and annual 242 
precipitation amount. 243 
x Experiment 5: Change in seasonality (S), defined here as an increase in monthly 244 
summer (October±March) temperatures of up to 3°C while winter temperatures 245 
remain unchanged, combined with change in winter and summer monthly 246 
precipitation amounts relative to present-day values 247 
 248 
Despite the possible reduction in LGM precipitation amount of up to 25% indicated by 249 
previous glacier modeling [Golledge et al., 2012], all experiments used the same values for P 250 
in the present-day and LGM simulations, apart from those simulations where P was explicitly 251 
varied. This approach allowed us to isolate the sensitivity to P and to compare this directly to 252 
differences in temperature and precipitation distribution over a range of climate scenarios. 253 
Experiments 1 and 2 tested a range of plausible values of ǻT and P during the glacial. 254 
Experiments 3 and 5 were designed to simulate specific climate scenarios: (1) the present-day 255 
climate applied to the study area by Rowan et al. [2013] (Table 1); (2) a late glacial 256 
paleoclimate indicated by the advance of the Rakaia Glacier to produce the Prospect Hill 257 
moraine at 16.25 ± 0.34 ka, HTXLYDOHQW WR ǻT =  ±3.0°C [Putnam et al., 2013a]; (3) a late 258 
glacial paleoclimate indicated by the Rakaia Glacier advance to the Double Hill moraine at 259 
16.96 ± 0.37 ka, HTXLYDOHQW WRǻT = ±4.5°C [Putnam et al., 2013a]; and (4) a paleoclimate 260 
representing the LGM at ~21 ka, HTXLYDOHQWWRǻT = ±6.5°C [Golledge et al., 2012; Rowan et 261 
al., 2013]. Experiment 4 simulated two scenarios: (1) a Late Glacial advance resulting in a 262 
reduction in ELA of ~100 m around ~11 ka [Kaplan et al @ HTXLYDOHQW WR ǻT = ±263 
1.25°C; and (2) the LGM scenario. 264 
 265 
Our 2-D glacier model calculated snowfall using the number of days per month for which the 266 
daily air temperature in each cell was below a critical value for rain±snow partitioning, using 267 
the mean monthly air temperature and its daily standard deviation [Plummer and Phillips, 268 
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2003]. The value used for the critical temperature at which precipitation falls as snow varies 269 
between modeling studies. We tested a range of critical temperatures from 0±3°C (results not 270 
presented here) which resulted in a 1.9 km (7%) uncertainty in the length of the Pukaki 271 
Glacier under present-day climate, and a 1.1 km (2%) uncertainty in the glacier length under 272 
the Double Hill scenario. The critical temperature was set to 2°C for all simulations reported 273 
in this paper. The proportion of annual precipitation falling as snow across the model domain 274 
was 7% under the present-day scenario, 46% under the Prospect Hill scenario, 86% under the 275 
Double Hill scenario, and 92% under the LGM scenario. 276 
 277 
2.3.1 Experiment 1: Temperature 278 
Variations in glacier extent due to ǻT were tested for the Rakaia±Rangitata catchments from 279 
±9.0°C to 0°C in 0.5°C increments to find an ELA equivalent to the LGM (799 ± 50 m) and 280 
the Prospect Hill advance (1540 ± 50 m). Results are presented in Section 3.1. 281 
 282 
2.3.2 Experiment 2: Precipitation amount 283 
P was varied from 25% to 400% of present-day values in 10% or 25% increments to 284 
investigate glacier sensitivities in the Rakaia±Rangitata catchments. ELAs were calculated 285 
and glacier length simulated under each of the four climate scenarios. Results are presented in 286 
Sections 3.1 and 3.2. Results from Experiments 1 and 2 (Fig. 2) are compared to those 287 
produced for the Franz Josef Glacier [Anderson and Mackintosh, 2006] and for the Irishman 288 
Glacier [Doughty et al., 2013]. 289 
 290 
2.3.3 Experiment 3: Precipitation distribution 291 
Orography regulates precipitation distribution over the Southern Alps as the range axis trends 292 
perpendicular to the prevailing westerlies. Therefore, the distribution of precipitation is 293 
primarily a function of the distance from the west coast of the South Island rather than a 294 
function of elevation [Griffiths and McSaveney, 1983; Sinclair et al., 1997; Henderson and 295 
Thompson, 1999; Ibbitt et al., 2001; Tait et al., 2006] (Fig. 3B and C). When plotted across 296 
the range, rain-gauge data show a rather wet region upwind on the western side of the range 297 
(3±4 m per year) compared to a much drier region east of the range (less than 2 m per year) 298 
(Fig. 3A). The scarcity of rain gauges in the high-elevation region 20±60 km downwind of 299 
the west coast with which to document this dramatic precipitation gradient leaves open the 300 
possibility that glacier simulations could be highly sensitive to the peaks and distribution of 301 
precipitation in this region. We assume that precipitation during the LGM was unlikely to 302 
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have increased beyond the present-day worldwide maximum, equivalent to an 85% increase 303 
in Southern Alps precipitation [Henderson and Thompson, 1999]. As the last glacial 304 
precipitation distribution is unknown, we instead experiment with present-day precipitation 305 
distributions for the region and acknowledge that there is unresolved uncertainty when using 306 
these to represent last glacial precipitation. 307 
 308 
To explore the sensitivity of glacier model results to uncertainty in precipitation distribution, 309 
we tested five different estimated present-day precipitation distributions and three statistical 310 
approximations of these data for the central Southern Alps: (1±3) three annual rainfall 311 
profiles [Griffiths and McSaveney, 1983; Wratt et al., 1996; Henderson and Thompson, 312 
1999]; (4) gridded 500-m monthly NIWA rainfall data [Tait et al., 2006]; and (5) rain-gauge 313 
data from the CliFlo database fitted with a least-squares cubic spline approximation that 314 
preserves shape. Based on these rainfall data, we tested three statistical approximations of 315 
precipitation distribution; (6) a linear relationship linking rainfall to elevation derived from 316 
regression of the CliFlo data, and grids of (7) median, and (8) mean monthly values derived 317 
from the NIWA data. Where rainfall data provided only annual values, these were divided 318 
into monthly totals using the present-day distribution in the NIWA data. These 1-D profiles 319 
represent rainfall along a section oriented at 130° through the center of the model domain 320 
(Fig. 1A). A mean topographic profile defined from a 40 km-wide swath centered on this 321 
transect (Fig. 3) was used to interpolate the linear precipitation values in test (6). The rainfall 322 
data were converted to 2-D grids by duplicating these profiles along-strike of the range axis 323 
perpendicular to the transect. The mean annual precipitation amount varied with the choice of 324 
precipitation distribution. For the distributions in tests (1) to (4), mean annual precipitation 325 
across the model domain varied between the different datasets from 1134±1602 mm (Table 326 
2). Results are presented in Section 3.3. 327 
 328 
2.3.4 Experiment 4: Interannual climate variability 329 
Interannual variability in mean melt season temperature and annual precipitation amount 330 
(often described as white noise) can cause kilometer-scale fluctuations in glacier length 331 
independent of climate change [e.g. Oerlemans, 2001; 5RHDQG 2¶1HDO, 2009; Roe, 2011]. 332 
These fluctuations add a one-sided bias to paleoclimate estimates derived from the moraine 333 
record, as the terminal moraine position for a particular advance represents the maximum 334 
down-valley excursion of the glacier rather than the mean glacier length [Anderson et al., 335 
2014]. We used a 1-D flowline model with variable width to determine the mean length for 336 
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the Late GODFLDO ǻT = ±& DQG /*0 ǻT = ±6.5°C) Rakaia Glacier. To maintain 337 
coherence between our glacier models, mass balance calculations produced using the 2-D 338 
model were used to describe the 1-D mass balance profiles for this glacier. The advantage of 339 
using a 1-D model to test sensitivity to interannual climate variability is that we can 340 
efficiently run hundreds of simulations with independent white-noise realizations, therefore 341 
allowing us to establish the most probable mean glacier length for a particular advance.  342 
 343 
Two independent white-noise realizations for mean melt-season temperature and annual 344 
precipitation amount were used for each simulation. The temperature realization was 345 
modified by a random normal distribution of annual values using the standard deviation of 346 
mean December±February temperature (0.8°C) from the Lake Coleridge AWS (Fig. 1). The 347 
annual precipitation realizations were modified by a random normal distribution of annual 348 
values using the standard deviation of precipitation data from AWS on the west side of the 349 
range (870 mm per year). Data derived from AWS in the eastern Southern Alps do not 350 
capture the precipitation variability in present-day glacier accumulation areas (Fig. 3) [Woo 351 
and Fitzharris, 1992]. However, the Woo and Fitzharris [1992] data provide a minimum 352 
estimate of the annual precipitation variability in the glacier accumulation areas, because 353 
these data are derived from a low-elevation AWS and neglect the effects of wind-blown snow 354 
and avalanching. Mass balance was perturbed from a mean state using a melt factor of 0.9 m 355 
water equivalent per °C per year; a representative value based on a global compilation of 356 
present-day melt factors for ice [Anderson et al., 2014]. Results are presented in Section 3.4. 357 
 358 
2.3.5 Experiment 5: Seasonality 359 
The range of monthly mean summer and winter temperatures and precipitation amounts are 360 
likely to change during a glacial [Nelson et al., 2000; Golledge and Hubbard, 2009]. Sea 361 
surface temperature records for the LGM indicate that temperature seasonality (S) was 3°C in 362 
Canterbury Bight [Nelson et al., 2000; Drost et al., 2007] and 2°C across the region [Barrows 363 
and Juggins, 2005]. Previous LGM regional climate modeling indicated S equivalent to an 364 
increase in summer temperatures of 0.7°C in eastern South Island, lower than the mean value 365 
of 1.1°C for New Zealand, and summer precipitation slightly higher and winter precipitation 366 
slightly lower than present-day values [Drost et al., 2007]. To quantify how a realistic 367 
variation in S from present-day values affects ELA, we compared glaciers simulated with the 368 
baseline model to simulations using an estimated maximum LGM seasonality of 369 
x Summer temperature (October±March)  = Present-day temperature + 3°C 370 
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x Summer precipitation (October±March) = Present-day precipitation * 1.11 371 
x Winter temperature (April±September)  = Present-day temperature 372 
x Winter precipitation (April±September) = Present-day precipitation * 0.97 373 
These values for S follow the results of regional meteorological modeling of the LGM in 374 
New Zealand by Drost et al. [2007]. Results are presented in Section 3.5. 375 
 376 
3. Results 377 
The variability in simulated glacier lengths and ELAs resulting from sensitivities to 378 
difference in temperature, precipitation amount, precipitation distribution, interannual climate 379 
variability and seasonality are presented here. Transient ice flow calculations show that 380 
steady state was reached within 400 years for ǻT = 0.5°C, consistent with the response times 381 
of up to hundreds of years estimated using analytical solutions [Jóhannesson et al., 1989]. 382 
Response time for the present-day Tasman Glacier in the Pukaki valley was estimated as 20±383 
200 years by assuming terminus ice thickness of ~500 m and an ablation rate beneath the 384 
thick debris layer of 2.5 m per year. The range of values indicates the potentially large 385 
uncertainty in predictions of melt rates beneath supraglacial debris [Herman et al., 2011]. 386 
 387 
3.1 Experiment 1: Glacier sensitivity to change in temperature and precipitation 388 
Present-day and LGM ELAs simulated using the 2-D glacier model were compared to ELAs 389 
reconstructed using the accumulation-area ratio method (with a value for the ratio of the 390 
accumulation area to the total glacier area of 0.6 ± 0.05) for the Pukaki and Tekapo valleys 391 
[Porter, 1975]. The parameter space required to produce LGM and Prospect Hill ELAs was 392 
tested for the Rakaia±Rangitata catchment and compared to previous estimates for the Franz 393 
Josef Glacier [Anderson and Mackintosh, 2006] and the Irishman Glacier [Doughty et al., 394 
2013]. We WHVWHGǻT and P values to produce ELAs required to advance glaciers to the LGM 395 
and Prospect Hill terminal moraines. P was limited within a realistic range for the present-396 
day interannual variability in the Southern Alps (80±140% of present-day values) and up to 397 
the present-day worldwide maximum (185%) [Henderson and Thompson, 1999].  398 
 399 
LGM ELAs ZHUHVLPXODWHGXQGHUFRQGLWLRQVZKHUHǻT = ±8.0°C to ±5.5°C and P = 80% to 400 
175% of present-day values. If change in precipitation amounts were restricted to the range of 401 
regional interannual variability, the LGM would have occurred with ǻT of ±8.25°C to ±402 
6.0°C. We assume little or no change in precipitation amount during the LGM, to give 403 
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solutions of ǻT = ±6.5°C and P = 100% for the LGM, and ǻT = ±3.0°C and P = 100% for the 404 
Prospect Hill advance [Putnam et al., 2013a]. The sensitivity of glacier extent to ǻT was 405 
tested for the Rakaia and Rangitata Glaciers and varied with the absolute value of ǻT (Fig. 4). 406 
The length of the Rakaia Glacier increased by at least 37% with ǻT = 0.5°C when the 407 
absolute value of ǻT was minimal (less than ±2.0°C) compared to present-day conditions. 408 
The relative change in glacier length decreased with moderate differences in temperature ǻT 409 
= ±3.5°C to 5.0°C) to 8%, then increased with greater absolute differences in temperature ǻT 410 
= ±5.5°C to ±6.5°C) to ~23%. A similar trend was found for the Rangitata Glacier (Fig. 4), 411 
and the decrease in glacier length change occurs when the glaciers extend into the trunk 412 
valleys where bed slopes are lower. Under the LGM scenarioǻT = ±1°C increased the length 413 
of the Rakaia Glacier by 28.7 km (51%).  414 
 415 
3.2 Experiment 2: Glacier sensitivity to precipitation amount 416 
Glacier sensitivity to precipitation amount was tested for the Rakaia Glacier by varying P 417 
from half to twice the present-day values under present-day, Double Hill, and LGM scenarios 418 
(Table 3). This range of P values tested exceeds the present-day interannual variability of 419 
precipitation amount in the Southern Alps. Under present-day conditions, halving P produced 420 
no glacier ice at the headwall of the Rakaia Glacier and reduced the length of the Pukaki 421 
Glacier by 13.4 km (±51%). A 50% increase in P increased the length of the Rakaia Glacier 422 
by 2.2 km (78%) and the Pukaki Glacier by 3.7 km (14%). Doubling P increased the length 423 
of the Rakaia Glacier by 5.7 km (203%) and the Pukaki Glacier by 13.9 km (53%). Under 424 
Double Hill conditions, halving P reduced the length of the Rakaia Glacier by 6.6 km (±18%) 425 
and reduced the length of the Pukaki Glacier by 10.2 km (±14%), whereas a 50% increase in 426 
P increased the length of the Rakaia Glacier by 3.1 km (9%) and the Pukaki Glacier by 3.5 427 
km (5%). The experiment under Double Hill conditions where P was doubled did not reach a 428 
stable solution due to an unrealistically positive mass balance. Under LGM conditions, a 25% 429 
increase in P produced the equivalent increase in length of the Rakaia Glacier to ǻT = ±430 
0.5°C. Sensitivity to P was lower for the Double Hill simulations, requiring a greater increase 431 
(P = 150% rather than 125%) to produce the change in glacier extent resulting from ǻT = ±432 
0.5°C (Fig. 2). For the LGM scenario, gODFLHU VHQVLWLYLW\ WRǻT decreases as P exceeds the 433 
present-day worldwide maximum; if P was double the present-day value, ǻT of ±0.5°C 434 
would be equivalent to an increase in P of 50%, indicating that P modifies the temperature 435 
sensitivity of these glaciers. 436 
 437 
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3.3 Experiment 3: Glacier sensitivity to precipitation distribution 438 
The choice of precipitation distribution had a considerable influence on the extent of the 439 
simulated glaciers (Fig. 5 and Table 3) and the regional ELA (Table 2). The precipitation 440 
peak in each profile is located upwind of the main drainage divide and precipitation amounts 441 
are similar downwind of 70 km from the west coast (Fig. 3), suggesting that glaciers are 442 
sensitive to the volume of precipitation delivered within the zone up to 30 km downwind of 443 
the main drainage divide (32 km from the west coast; Fig. 3). Under both present-day and 444 
Double Hill conditions, glacier extents simulated using published precipitation distribution 445 
profiles were greatest when using the NIWA data, followed by the CliFlo, then Wratt et al. 446 
[1996] profiles, and least with the Griffiths and McSaveney [1983] and Henderson and 447 
Thompson [1999] profiles (Fig. 5 and Table 3). The change in ELA using published 448 
precipitation distribution profiles relative to the NIWA results was greatest with the 449 
Henderson and Thompson [1999] data; ELA change of 333 m under present-day conditions 450 
and 154 m under the Double Hill scenario (Table 2). Across the range of precipitation 451 
distributions tested, the variation in glacier length under present-day conditions was 24.5 km 452 
(93.5%) for the Pukaki Glacier and 2.8 km (100%) for the Rakaia Glacier. Under Double Hill 453 
conditions, the variation in length was less for the Pukaki Glacier (17.1 km; 24%) and greater 454 
for the Rakaia Glacier (9.3 km; 25%) compared to present-day conditions although the 455 
absence of ice in four of the present-day Rakaia simulations affected this result (Table 3).  456 
 457 
Results produced using mean and median precipitation distributions show that, although the 458 
maximum precipitation amount for these experiments was less than that in the NIWA gridded 459 
data, ELAs were lower (±438 m and ±451 m) as the value for the minimum precipitation 460 
amount was greater than that from the NIWA data. Change in ELA due to precipitation 461 
distribution was greatest under present-day climate conditions (191 m) compared to the 462 
Double Hill advance (91 m) (Table 2). The linear regression of precipitation measurements 463 
gave the lowest value for total precipitation amount and produced an ELA ~100 m lower than 464 
those simulated using the NIWA data for the present-day and Double Hill scenarios (Table 465 
2). Under LGM conditions, glacier extents calculated using the linear regression were similar 466 
to those produced under Double Hill conditions using the NIWA datD HTXLYDOHQW WR ǻT = 467 
2°C. If we exclude those glaciers simulated using statistical approximations of precipitation 468 
distribution and consider only the glaciers simulated using the five estimated rainfall 469 
distributions, then the change in ELA due to precipitation distribution was 171 m under 470 
present-day conditions and 91 m for the Double Hill scenario. Of the variables tested in our 471 
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experiments, after difference in temperature, glaciers were most sensitive to precipitation 472 
distribution. 473 
 474 
3.4 Experiment 4: Glacier sensitivity to interannual climate variability 475 
We tested the effect of interannual climate variability on glacier length using a 1-D model of 476 
the Late GODFLDOǻT = ±1.25°C; ~12 km long glacier) and /*0ǻT = ±6.5°C; ~80 km long 477 
glacier) advances of the Rakaia Glacier. The Late Glacial glacier was formed by three 478 
tributaries converging within 3 km of the maximum glacier extent. To capture this complex 479 
glacier geometry, we modeled all three tributary glaciers and fed the two smaller tributaries 480 
into the larger trunk glacier. As a result, these simulations consider the terminus fluctuations 481 
resulting from the independent response of each of the three tributary glaciers [cf. 482 
MacGregor et al., 2000; Zuo and Oerlemans, 1997]. We compared glacier extents simulated 483 
using the 1-D model to those from 2-D simulations; a 1.25°C increase in mean summer 484 
temperature produced a 5 km recession from the Late Glacial maximum that is similar to the 485 
difference in extent between the Late Glacial and present-day glaciers, demonstrating that our 486 
1-D model is reasonably sensitive to summer temperature perturbations in comparison to the 487 
2-D model. 488 
 489 
Each Late Glacial simulation ran for 1000 years [e.g. Kaplan et al., 2010]. 1000 simulations 490 
were used to estimate the most probable mean glacier length for the Late Glacial advance, 491 
which was ~1300m shorter (10% of the maximum glacier length; HTXLYDOHQWWRǻT = +0.2°C) 492 
than the terminal moraine. The standard deviation of the mean length from the most likely 493 
mean length was 560 m, and the standard deviation of glacier length was 825 m. These 494 
results imply that paleoclimate estimates from the Late Glacial terminal moraine position will 495 
overestimate the mean glacier length by 10%. This variability accounts for 26% of the change 496 
in length required to advance from the present-day position to the Late Glacial terminus. The 497 
standard deviation of the modeled snowline elevation was 110 m, which is within the window 498 
of present-day snowline variability in New Zealand [WGMS, 2013]. The standard deviation 499 
of net mass balance, summer balance and winter balance were 1.15 m, 0.9 m, and 0.7 m per 500 
year. These simulated values are similar to mass balance measurements made for the Ivory 501 
Glacier (~15 km to the north of the Rakaia) where the standard deviation of annual-mean 502 
mass balance, summer balance and winter balance were 1.1 m, 0.63 m and 0.87 m per year 503 
between 1970 and 1975 [WGMS, 2013].  504 
 505 
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Each LGM simulation ran for 4000-years. 100 simulations were used to estimate that the 506 
most probable LGM mean glacier length was 2.3 km shorter (2.8% of the maximum glacier 507 
OHQJWKHTXLYDOHQW WRǻT = +0.1°C) than the terminal moraine defined by Shulmeister et al. 508 
[2010]. The standard deviation of the mean length from the most likely mean length was 840 509 
m, and the standard deviation of the glacier length was 1200 m. These results imply that 510 
paleoclimate estimates using the LGM terminal moraine position will overestimate the mean 511 
glacier length by 2.8%. The standard deviation of the modeled snowline elevation was 100 m. 512 
The standard deviation of annual-mean mass balance, summer balance and winter balance 513 
were 1.09 m, 0.72 m and 0.82 m per year. 514 
 515 
3.5 Experiment 5: Glacier sensitivity to seasonality 516 
Glacier sensitivity to S ZDV WHVWHG IRUǻT from 0°C to ±7°C using the maximum estimated 517 
LGM seasonality (Fig. 6). Under present-day conditions, the ELA was reduced by just 3 m 518 
due to S. ELA change due to S was greatest when glaciers were less extensive, but did not 519 
exceed 41 m across the range of ǻT values tested. LGM ELAs were 13 m lower due to 520 
changes in S than those for the same climate scenario using present-day values for 521 
seasonality. In comparison, ǻT of ±1°C under the LGM scenario resulted in a decrease in 522 
ELA of 146 m²much greater than that due to changes in S (Fig. 6). Glacier sensitivity to 523 
seasonality was not sufficient to be resolved beyond the model uncertainty, and our results 524 
indicate the limitations of glacier modeling as a means of reconstructing the finer details of 525 
LGM paleoclimates from the geological record.  526 
 527 
3.6 Summary of results 528 
Glaciers were sensitive to differences in mean annual air temperature ǻT), the distribution of 529 
precipitation and precipitation amount (P) (Table 3). Glacier sensitivity to seasonality in 530 
temperature and precipitation amount and to interannual climate variability was within the 531 
uncertainty ascribed to the climatological parameter values used in our simulations. Based on 532 
our results and previous testing of the uncertainty associated with the model parameter values 533 
by Plummer and Phillips >@ZHFRQVLGHUWKHPLQLPXPǻT value that can be resolved to 534 
be 0.25°C. Therefore, we consider only those variations in simulated glacier length that 535 
exceed those SURGXFHG E\ ǻT = 0.25°C to indicate significant climate sensitivity. For the 536 
Rakaia Glacier under present-day conditions, the change in glacier length indicating 537 
significant climate sensitivity is 1.9 km (13%). Under the Double Hill scenario this value is 538 
3.0 km (15%). Under the LGM scenario this is 4.7 km (12%).  539 
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 540 
The percentage change in glacier length varied with the magnitude of ǻT. Glacier length 541 
percentage change from the present-day extent was least under intermediate differences in 542 
WHPSHUDWXUHǻT = ±3.5°C to 5.0°C). Glacier length change per degree ǻT was greatest when 543 
glaciers were very small or very large (approaching their LGM limits) (Fig. 4). Small glaciers 544 
advanced more rapidly with relatively small changes in mass balance, and they advanced at a 545 
faster rate as tributary glaciers merged into the main valley glaciers. ǻT of 0.5°C offset 546 
values of P within the present-day worldwide range [Henderson and Thompson, 1999], 547 
indicating that change in LGM precipitation amount had a minor effect on glacier extents in 548 
the Southern Alps in comparison to difference in temperature. 549 
 550 
Glaciers were sensitive to change in precipitation distribution, with change in glacier length 551 
of 25% occurring across the range of precipitation distributions tested under the Double Hill 552 
scenario HTXLYDOHQW WR ǻT of at least 0.5°C. If a linear regression linking precipitation 553 
distribution to the topographic surface based on measurements from AWS was used instead, 554 
then the offset in simulated mass balance for LGM conditions waVHTXLYDOHQWWRǻT of 2°C. 555 
Using uniform precipitation distributions with values taken from the mean and median of 556 
regional values gave unrealistic mass balance for each climate scenario, with ELA 557 
depressions of ~400 m relative to using the NIWA data. Glacier sensitivity to precipitation 558 
distribution was greatest within 30 km downwind of the main drainage divide where the 559 
largest accumulation areas occur, and sensitivity to both precipitation amount and distribution 560 
GHFUHDVHGZLWKLQFUHDVLQJFRROLQJLQFUHDVHGǻT).  Using our definition of model resolution 561 
ǻT = 0.25°C), the importance of variations in glacier length produced by P decreased with 562 
LQFUHDVHGǻT, but the variation in glacier length produced using a range of plausible present-563 
day precipitation distributions remained significant across all of our climate scenarios.  564 
 565 
4. Discussion 566 
The use of glacier models to estimate paleoclimate requires assumptions about a number of 567 
climatological and glaciological parameters. In this paper, we explored glacier sensitivity to 568 
paleoclimate variables by comparing the glacier volumes simulated with a realistic range of 569 
values for difference in temperature, precipitation amount, precipitation distribution, 570 
interannual climate variability and seasonality. Here we discuss the implications of these 571 
sensitivities for the reconstruction of LGM glaciers in the Southern Alps. The Rakaia Glacier, 572 
which has proved particularly challenging in previous modeling studies, is discussed in 573 
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detail. We also discuss further sources of uncertainty that should be considered in the 574 
application of glacier models²factors that influence mass balance such as radiative fluxes 575 
and avalanching, the representation of topography, and the choice of model domain and grid 576 
spacing. 577 
 578 
4.1 LGM climate variability in the Southern Alps 579 
(/$VHQVLWLYLW\WRǻT and P for the Rakaia±Rangitata Glaciers show a similar relationship to 580 
those calculated for the Franz Josef Glacier [Anderson and Mackintosh, 2006]. Our present-581 
day climate simulations gave an ELA for the Pukaki and Tekapo valleys similar to those 582 
reconstructed by Porter [1975] (Fig. 6). Our LGM simulations produced an ELA slightly 583 
lower than those estimated for the Pukaki and Tekapo Glaciers although the value is within 584 
the uncertainty window stated by Porter [1975]. The gradient of simulated ELA along the 585 
eastern side of the range indicated that slightly greater cooling was needed to simulate 586 
glaciers that extended to the LGM moraines further north. ǻT of ±4.5°C forced the advance 587 
of the Rakaia Glacier to Double Hill at ~17 ka  [Putnam et al., 2013] for which there is no 588 
HTXLYDOHQWDGYDQFHLGHQWLILHGHOVHZKHUHLQWKH6RXWKHUQ$OSVǻT of ±4.5°C also forced the 589 
advance of the Pukaki Glacier to the Birch Hill moraines at ~13 ka [Putnam et al., 2010], and 590 
a VLPLODU ǻT of ±4.0°C forced the advance of the Franz Josef Glacier to the Waiho Loop 591 
moraine at ~13 ka [Anderson and Mackintosh, 2006], although the climatic significance of 592 
this advance is unclear [e.g. Tovar et al., 2008]. The cooling required for simulated glaciers 593 
to reach LGM H[WHQWV ǻT = ±6.5°C) is in agreement with the 4±7°C of cooling estimated 594 
from LGM sea surface temperatures [Barrows et al., 2007; Bostock et al., 2013] and previous 595 
regional glacier modeling [Golledge et al., 2012]. 596 
 597 
4.2 The Rakaia Glacier 598 
Golledge et al. [2012] identified those glaciers with large overdeepenings farthest from their 599 
accumulation areas, including the Rakaia, as those most challenging to model 600 
reconstructions; to obtain a successful simulation of the Rakaia Glacier, temperature for the 601 
entire Southern Alps icefield was ±1.5°C to ±2.0°C below that used for the LGM in other 602 
eastern valleys [Golledge et al., 2012]. Such large uncertainties may be attributed to: (1) 603 
catchment-scale meteorological variability forced by orography and therefore not represented 604 
in regional climate data; (2) the limitations of the approximations used in glacier modeling 605 
that do not completely conserve mass; or (3) the composition of the bed and its influence on 606 
subglacial motion. Finer-resolution (200-m compared to 500-m grid spacing) simulations for 607 
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the Rakaia±Rangitata Glaciers [Rowan et al., 2013] reached an improved solution which 608 
showed a greater degree of synchroneity between these glaciers, but still had a ǻT of ±0.25°C 609 
between the LGM extent of the Rakaia and that of both the neighboring Rangitata and 610 
Ashburton Glaciers.  611 
 612 
4.3 Uncertainty due to the description of mass balance 613 
Many glacier models use empirically-derived accumulation and ablation rates measured in 614 
the field or based on relevant degree-day factors to describe mass balance [Braithwaite, 1995; 615 
Hock, 2003]. However, the assumption of a linear relationship between mass balance and 616 
elevation may be inaccurate because steep topography modifies radiative energy fluxes and 617 
the redistribution of snow by avalanching. We instead used a 2-D energy balance calculation 618 
based on a monthly climatology derived from local AWS, and incorporated the effects of 619 
topographic shading and avalanching into the calculation of mass balance [Plummer and 620 
Phillips, 2003]. Using 2-D meteorological data allows the investigation of glacier sensitivity 621 
to spatial variability in mass balance which is not considered in 1-D models. This paper uses 622 
present-day 30-year mean meteorological data to capture the regional orographic trend in 623 
precipitation distribution (Fig. 3). However, precipitation may exhibit a more complex 624 
distribution than can be captured at the resolution of these gridded data (the NIWA data have 625 
a grid spacing of ~4 km), and catchment-scale variations may be unaccounted for in regional 626 
gridded precipitation data. 627 
 628 
4.4 Uncertainty due to interannual variability 629 
The position of a glacier terminus can fluctuate even in the absence of a change in climate. 630 
Variations in mass balance forced by interannual climate variability can produce nested sets 631 
of moraines. For a given advance, the outermost terminal moraine will therefore represent the 632 
maximum rather than the mean glacier length [Anderson et al., 2014]. While the magnitude 633 
of the most likely maximum fluctuation of the Rakaia Glacier was larger for the LGM than 634 
for the Late Glacial (2.3 km compared to 1.3 km), the LGM fluctuations represent a smaller 635 
percentage of the maximum glacier length (2.8% compared to 10%). Ice extents preserved 636 
within 2.8% and 10% of the terminal moraine position for the LGM and Late Glacial 637 
advances could therefore be explained by climate noise rather than climate change.  638 
 639 
The standard deviation of annual precipitation amount (ıP = 0.9 m per year) and summer 640 
temperature (ıT = 0.8°C) for the Southern Alps are comparable to those for other maritime 641 
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regions. For example ıP = 1.0 m per year and ıT = 0.8°C in the North Cascade Mountains, 642 
USA [5RHDQG2¶1HDO, 2009]; ıP = 0.9 m per year and ıT = 0.7°C at Nigardsbreen in Norway 643 
[Roe and Baker, submitted to the Journal of Glaciology], and an exceptional case with a 644 
continental climate of ıP = 0.22 m per year and ıT = 1.3°C for the Colorado Front Range, 645 
USA [Anderson et al., 2014]. The standard deviations of the length of the simulated Rakaia 646 
Glacier (850 m and 1200 m) are large compared to those for other simulated glaciers forced 647 
by interannual variability. For example, 180 m for the Rhonegletscher and 360 m for 648 
Nigardsbreen [Reichert et al., 2002]; 415 m for the North Cascades, USA [5RHDQG2¶1HDO, 649 
2009]; and 280±960 m for the Colorado Front Range [Anderson et al., 2014]. The large 650 
standard deviations of the length of the Rakaia Glacier are the result of the large variability in 651 
annual precipitation and mean melt-season temperature typical of maritime climates.  652 
 653 
Our results imply that interannual climate variability may significantly affect advances that 654 
are less than or as extensive as the Late Glacial Rakaia advance. Future modeling studies 655 
should consider that smaller advances could be explained by climate noise without 656 
implicating changes in climate. The magnitude of the standard deviations of the length of the 657 
Late Glacial and LGM advances is amplified by the low bed slopes of these glaciers (~5% 658 
slope for the Late Glacial and ~0.5% slope for the LGM Rakaia), as large glacier area relative 659 
to the ablation zone slopes enhances length fluctuations due to climate noise [Roe and 660 
2¶1HDO, 2009; Eqn. 11]. The uncertainties in the 2-D mass balance model inputs overwhelm 661 
the effect of interannual climate variability on paleoclimate estimates for the Late Glacial and 662 
LGM Rakaia advances. However, the nearest present-day glacier to the Late Glacial extent is 663 
~5 km upvalley, and interannual variability could have forced an advance accounting for up 664 
to 26% of the total Late Glacial advance from the present-day glacier position. Furthermore, 665 
current New Zealand meteorological records do not cover a long enough time span to 666 
confidently test for conditional probability in the climate system [e.g. Burke and Roe, 2013], 667 
which could greatly enhance the magnitude of interannual climate varibility-forced advances.  668 
 669 
4.5 Uncertainty due to the choice of model domain and grid spacing 670 
Adjacent glaciers may not reach steady state synchronously [Oerlemans et al., 1998]. The 671 
simulations presented in our study were performed over the model domain composed of three 672 
major catchments²the Pukaki, Tekapo and Rakaia±Rangitata (Fig. 1). We compared steady-673 
state ice volumes between two domains with the same grid spacing (200 m) but with different 674 
grid extents. We applied identical simulations for present-day and Double Hill scenarios to 675 
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the entire model domain and to sub-domains representing just the Pukaki or Rakaia±676 
Rangitata catchments. Under present-day FRQGLWLRQVǻT = 0°C), there was no difference in 677 
simulated glacier extents between domains. However, under the Double Hill scenario ǻT = ±678 
4.5°C), the Rakaia Glacier was 0.81 km (2%) shorter and the Pukaki Glacier was 4.3 km 679 
(6%) longer for the small domain simulations compared to those for the large domain (Fig. 680 
7).  681 
 682 
The conservation of ice mass was monitored in each simulation, as spurious output may 683 
result when the calculated flux from a cell is greater than the ice mass in that cell [Jarosch et 684 
al., 2013]. Mass conservation was improved for simulations with a smaller grid spacing (100 685 
m compared to 200 m). However, there is a tension in the choice of grid spacing, as halving 686 
this value quadruples the number of cells in the model domain and computation time 687 
increases exponentially. We compared identical simulations with different grid spacings to 688 
calculate the change in simulated length of the Rakaia Glacier. As the 100-m grid spacing 689 
simulations were more computationally expensive to run, we only tested small YDOXHVIRUǻT. 690 
Compared to the 200-m grid spacing; ZLWKǻT = ±1.0°C a 100-m grid spacing produced a 691 
glacier 0.7 km (6%) shorter; and ZLWK ǻT = ±2.25°C equivalent to the Reischek Knob 1 692 
advance [Putnam et al., 2013a] a 100-m grid spacing produced a glacier 0.8 km (3%) shorter. 693 
Conservation of mass was improved by an order of magnitude using a 100-m grid spacing, 694 
from an integrated mass balance of between ±5% and ±1% to less than ±0.5%. Simulations 695 
with a smaller grid spacing resulted in a systematically slightly less-extensive glacier than 696 
those with a coarser grid. 697 
 698 
The variations in glacier length resulting from the use of different model domains and either a 699 
200-m or 100-m grid spacing is HTXLYDOHQW WR ǻT < 0.1°C which is smaller than the 700 
uncertainty ascribed to the application of the glacier model (equivalent to change in glacier 701 
length of 13% and ǻT = 0.25°C). Within the range of values tested, the size of the model 702 
domain and the grid spacing are not considered to represent a significant source of 703 
uncertainty and the larger grid spacing is preferable to allow less expensive computation. 704 
&RQVHUYDWLRQRIPDVV LPSURYHGDVǻT increased; integrated glacier balance was no greater 705 
than ± ZKHQ ǻT exceeded ±5°C, indicating that this uncertainty is relatively small for 706 
larger glaciers. 707 
 708 
5. Conclusions 709 
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The sensitivity of glaciers in the Southern Alps of New Zealand to mean annual air 710 
temperature, precipitation amount, precipitation distribution, interannual climate variability 711 
and seasonality was tested using two glacier models. Variations in mass balance and glacier 712 
length were governed primarily by differences in mean annual air temperature and the 713 
distribution of precipitation. The variations in glacier lengths resulting from the choice of 714 
precipitation data were equivalent to those resulting from a difference in temperature of 715 
0.5°C. However, if precipitation were calculated as a function of elevation a larger 716 
uncertainty in the simulated glacier length would be produced, equivalent to a difference in 717 
temperature of 2°C. Interannual climate variability and seasonality added relatively minor 718 
uncertainties to our paleoclimate estimates, although the effect of interannual variability was 719 
important for advances comparable to or smaller than that during the Late Glacial extent at 720 
~11 ka. 721 
 722 
Within a plausible range of precipitation variability for the Southern Alps (80±140% of 723 
present-day regional values), the Last Glacial Maximum (LGM) occurred with a difference in 724 
temperature from present-day values of ±8.25°C to ±6.0°C, or up to ±5.5°C if the present-day 725 
worldwide maximum precipitation amount (185%) was used. This LGM paleoclimate 726 
envelope captures the possible climatic variability indicated by the glacial geological record, 727 
based on the assumption that precipitation during the glacial was in the present-day 728 
worldwide range, and includes the ±0.25°C uncertainty assigned to the choice of precipitation 729 
data. To account for the total uncertainty in the LGM simulations resulting from other 730 
climatological variables (the critical temperature for rain±snow partitioning, interannual 731 
variability and seasonality) we assign an additional uncertainty of ±0.25°C.  732 
 733 
Glacier models require a spatial representation of precipitation, the distribution of which is 734 
difficult to quantify even under present-day conditions. Rainfall data are collected at a 735 
relatively large number of weather stations in the Southern Alps and some snowfall 736 
measurements are also made, but estimates of orographic precipitation distributions still 737 
contain substantial uncertainties. Our results demonstrate the importance of quantifying 738 
sensitivity to a range of precipitation distributions when making glacier model 739 
reconstructions, and of considering the uncertainty resulting from how precipitation 740 
distribution may have varied from present-day values during the last glacial. Future glacier 741 
modeling studies should test a range of plausible precipitation distributions to quantify these 742 
uncertainties rather than relying on empirical relationships between precipitation amount and 743 
 23 
elevation. Without these data describing precipitation distribution, we expect the resolution of 744 
our Southern Alps glacier model to be ±0.5°C. However, by testing a range of precipitation 745 
distributions we can estimate the paleoclimate envelope represented by a particular set of 746 
moraines, and can resolve past differences in temperature greater than ±0.25°C from the late 747 
Quaternary moraine record.  748 
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Table captions 764 
Table 1. 2-D glacier model parameter values and variables used in the simulations described 765 
in this paper. 766 
 767 
Table 2. Precipitation data and the change in simulated ELA resulting from the use of 768 
different precipitation distributions under present-day ǻT = 0&DQG'RXEOH+LOO ǻT = ±769 
4.5°C) scenarios. 770 
 771 
Table 3. Comparison of the change in length of the simulated Pukaki and Rakaia Glaciers 772 
resulting from experiments testing temperature, precipitation amount and distribution under 773 
present-day ǻT  &DQG'RXEOH+LOOǻT = ±4.5°C) scenarios. The Rakaia Glacier length 774 
is zero in some present-day simulations as no ice is present at the headwall of this catchment. 775 
In Experiments 1 and 2, the precipitation data used are the NIWA grids. NB: The solution for 776 
 24 
the simulation where precipitation was doubled under the Double Hill scenario did not reach 777 
steady state due to an unrealistically high mass balance²these results are not presented (*).  778 
 779 
Figure captions 780 
Figure 1. Location of the study area in the Southern Alps of New Zealand (A), showing the 781 
model domain used in the 2-D experiments (red shaded area), the maximum glaciated extent 782 
during the LGM (white shading) and location of the precipitation transect shown in Fig. 3 783 
(blue line). Glacier volumes simulated under (B) the present-day ǻT = 0°C) scenario (the 784 
baseline model), and (C) the Double Hill scenario ǻT = ±4.5°C), overlain on a shaded relief 785 
map of the model domain. Catchment boundaries (solid red lines; dashed sections indicate 786 
interpretation over areas of low relief) and the flowlines used to measure length of the Pukaki 787 
and Rakaia Glaciers (solid green lines) are shown. 788 
 789 
)LJXUH3DUDPHWHUVHWVǻT and P) for the advance of the Rakaia Glacier (RG) to Prospect 790 
Hill (green dotted shading) and the LGM limit (purple diagonal-hatched shading), compared 791 
to results for the advance of the Franz Josef Glacier (FJG) to the Waiho Loop moraine (grey 792 
horizontal lined shading) from Anderson and Mackintosh [2006], and for the Lateglacial 793 
advance of the Irishman Glacier (red cross-hatched shading) from Doughty et al. [2013]. The 794 
present-day interannual precipitation variability at the FJG (blue shading) and the present-day 795 
worldwide precipitation maximum (blue dashed line) are shown [Henderson and Thompson, 796 
1999]. As any change in LGM precipitation amount is unlikely to have exceeded the present-797 
day worldwide maximum, the change in climate for these advances probably lies within the 798 
blue shaded area. 799 
 800 
Figure 3. Precipitation amount along a 1-D transect through the center of the model domain 801 
orientated at 130°. (A) Annual 30-year mean precipitation data collected from rain gauges 802 
within 50 km of the transect (filled points), 30-year monthly mean precipitation amount for 803 
(B) April and (C) October, showing 1-D precipitation profiles for central Southern Alps 804 
[Griffiths and McSaveney, 1983; Wratt et al., 1996; Henderson and Thompson, 1999; Wratt 805 
et al., 2000; Tait et al., 2006], CliFlo rain gauge data fitted with a least-squares cubic spline 806 
that preserves shape, and a linear function linking rainfall to elevation derived from the 807 
CliFlo data. The mean topographic profile of the model domain (green shading), the position 808 
of the main drainage divide (red dashed line) and the 30-km region downwind of the main 809 
drainage divide where glacier sensitivity to precipitation amount is greatest (pink shading) 810 
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are shown. Note that some points in (A) occur above the mean topographic profile as the 811 
stations are located above the mean elevation along this transect. Also note the different units 812 
for elevation (m) and precipitation (mm) on the y-axis of B and C.  813 
 814 
Figure 4. Change in length of Rakaia and Rangitata Glaciers with ǻT. Inset shows the relative 815 
change in glacier length as a percentage of the total LGM glacier length. The location of 816 
Prospect Hill and Double Hill are noted. 817 
 818 
Figure 5. Glaciers simulated using five different precipitation distributions under (A) the 819 
present-day ǻT = 0°C) and (B) the Double Hill ǻT = ±4.5°C) scenarios. The blue shading 820 
shows glaciers simulated using the Henderson and Thompson [1999] profile. The glaciers 821 
simulated using the NIWA precipitation data [Tait et al., 2006] (orange lines), CliFlo (black 822 
lines), Wratt et al. [1996] (purple lines), and Griffiths and McSaveney [1983] (green lines) 823 
profiles for the same climate scenarios are also shown. Inset to (A) shows the glaciated area 824 
at the main drainage divide in detail. 825 
 826 
Figure 6&KDQJHLQ(/$ZLWKǻT for the Rakaia±Rangitata domain (black points) with one 827 
standard deviation uncertainty compared to ELAs reconstructed for the eastern Southern Alps 828 
[Porter, 1975], and variations in ELA resulting from an estimated maximum LGM 829 
seasonality (red bar). 830 
 831 
Figure 7'RXEOH+LOOǻT = ±4.5°C) simulations for the (A) Pukaki and (B) Rakaia Glaciers. 832 
In each case, ice extent and terminus position are shown for the simulation using the model 833 
domain including the Pukaki, Tekapo and Rakaia±Rangitata catchments (solid black line). 834 
Terminus position for the simulations applied to a smaller domain covering just the 835 
catchment in question (dashed black lines) are also shown. 836 
 837 
References 838 
Adams, J. (1980), Contemporary uplift and erosion of the Southern Alps, New Zealand: 839 
summary, Geol. Soc. America. Bull., 91(1), 2±4. 840 
Alexander, D., T. Davies, and J. Shulmeister (2011), A steady-state mass-balance model for 841 
the Franz Josef Glacier, New Zealand: Testing and application, Geographfiska Annaler: 842 
Series A, 93, 41±54. DOI: 10.1111/j.1468-0459.2011.00003.x 843 
Alloway, B., D. Lowe, D. Barrell, R. Newnham, P. Almond, P. Augustinus, N. Bertler, L. 844 
Carter, N. Litchfield, and M. McGlone (2007), Towards a climate event stratigraphy for 845 
New Zealand over the past 30 000 years (NZ-INTIMATE project), J. Quaternary Sci., 846 
 26 
22(1), 9±35. DOI: 10.1002/jqs.1079 847 
Anders, A., G. Roe, and B. Hallet (2006), Spatial patterns of precipitation and topography in 848 
the Himalaya, Geological Society of America Special Paper 398, 39±53. 849 
Anderson, B., A. Mackintosh, D. Stumm, L. George, T. Kerr, A. Winter-Billington, and S. 850 
Fitzsimons (2010), Climate sensitivity of a high-precipitation glacier in New Zealand, J. 851 
Glacio., 56(195), 114±128. DOI: http://dx.doi.org/10.3189/002214310791190929 852 
Anderson, B., and A. Mackintosh (2006), Temperature change is the major driver of late-853 
glacial and Holocene glacier fluctuations in New Zealand, Geology, 34(2), 121±124, 854 
DOI: 10.1130/G22151.1. 855 
Anderson, B., and A. Mackintosh (2012), Controls on mass balance sensitivity of maritime 856 
glaciers in the Southern Alps, New Zealand: The role of debris cover, J. Geophys. Res, 857 
117(F1), DOI: 10.1029/2011JF002064. 858 
Anderson, B., W. Lawson, and I. Owens (2008), Response of Franz Josef Glacier Ka 859 
Roimata o Hine Hukatere to climate change, Global Planet. Change, 63, 23±30. DOI: 860 
10.1016/j.gloplacha.2008.04.003 861 
Anderson, L. S., G. H. Roe, and R. S. Anderson (2014), The effects of interannual climate 862 
variability on the moraine record, Geology, 42(1), 55±58, DOI: 10.1130/G34791.1. 863 
Barrell, D., B. Andersen, and G. Denton (2011), Glacial geomorphology of the central South 864 
Island, New Zealand, GNS Science Monograph 27. GNS Science, Lower Hutt, New 865 
Zealand. 866 
Barrows, T., and S. Juggins (2005), Sea-surface temperatures around the Australian margin 867 
and Indian Ocean during the Last Glacial Maximum, Quat. Sci. Rev., 24, 1017±1047. 868 
DOI: 10.1016/j.quascirev.2004.07.020 869 
Barrows, T., S. Juggins, P. de Deckker, and E. Calvo (2007), Long-term sea surface 870 
temperature and climate change in the Australian±New Zealand region, Paleocean., 22, 871 
PA2215, DOI: 10.1029/2006PA001328. 872 
Bostock, H. C., Barrows, T.T., L. Carter, Z. Chase, G. Cortese, G.B. Dunbar, M. Ellwood, B. 873 
Hayward, W. Howard, H.L. Neil, T.L. Noble, A. Mackintosh, P.T. Moss, A.D. Moy, D. 874 
White, M.J.M. Williams, L.K. Armand (2013), A review of the Australian±New Zealand 875 
sector of the Southern Ocean over the last 30 ka (Aus-INTIMATE project), Quat. Sci. 876 
Rev., 74, 35±57, DOI: 10.1016/j.quascirev.2012.07.018. 877 
Burke, E. E., and G. H. Roe (2013), The absence of memory in the climatic forcing of 878 
glaciers, Clim. Dyn., 0930-7575, 1±12, DOI: 10.1007/s00382-013-1758-0  879 
Braithwaite, R. J. (1995), Positive degree-day factors for ablation on the Greenland ice sheet 880 
studied by energy-balance modelling, J. Glacio., 41(137), 153±160. 881 
Chinn, T. (1995), Glacier fluctuations in the Southern Alps of New Zealand determined from 882 
snowline elevations, Arctic and Alpine Res., 27(2), 187±198. 883 
Cox, S., and D. Barrell (2007), Geology of the Aoraki area 1:250,000, Geological Map 15.  884 
GNS Science, Lower Hutt, New Zealand. 885 
Cuffey, K., and W. Paterson (2010), The Physics of Glaciers, Butterworth Heinemann, 886 
Oxford. 887 
Doughty, A. M., B. M. Anderson, A. N. Mackintosh, M. R. Kaplan, M. J. Vandergoes, D. J. 888 
A. Barrell, G. H. Denton, J. M. Schaefer, T. J. H. Chinn, and A. E. Putnam (2013), 889 
Evaluation of Lateglacial temperatures in the Southern Alps of New Zealand based on 890 
glacier modelling at Irishman Stream, Ben Ohau Range, Quat. Sci. Rev., 74, 160±169, 891 
DOI: 10.1016/j.quascirev.2012.09.013. 892 
Drost, F., J. Renwick, B. Bhaskaran, H. Oliver, and J. McGregor (2007), A simulation of 893 
New Zealand's climate during the Last Glacial Maximum, Quat. Sci. Rev., 26(19-21), 894 
2505±2525. DOI: 10.1016/j.quascirev.2007.06.005 895 
Glasser, N.F., K. Jansson, S. Harrison, and A. Rivera (2005), Geomorphological evidence for 896 
 27 
variations of the North Patagonian Icefield during the Holocene, Geomorph., 71(3-4), 897 
263±277, DOI: 10.1016/j.geomorph.2005.02.003. 898 
Golledge, N. R., A. N. Mackintosh, B. M. Anderson, K. M. Buckley, A. M. Doughty, D. J. A. 899 
Barrell, G. H. Denton, M. J. Vandergoes, B. G. Andersen, and J. M. Schaefer (2012), 900 
Last Glacial Maximum climate in New Zealand inferred from a modelled Southern Alps 901 
icefield, Quat. Sci. Rev., 46(C), 30±45, DOI: 10.1016/j.quascirev.2012.05.004. 902 
Golledge, N., A. Hubbard, and T. Bradwell (2010), Influence of seasonality on glacier mass 903 
balance, and implications for palaeoclimate reconstructions, Clim. Dyn., 35(5), 757±770, 904 
DOI: 10.1007/s00382-009-0616-6. 905 
Golledge, N., and A. Hubbard (2009), Mass balance, flow and subglacial processes of a 906 
modelled Younger Dryas ice cap in Scotland, J. Glacio., 55(189), 32±42. DOI: 907 
10.3189/002214309788608967 908 
Goodison, B. E. (1978), Accuracy of Canadian snow gauge measurements, J. App. Met., 909 
17(10), 1542±1548. 910 
Griffiths, G., and M. McSaveney (1983), Distribution of mean annual precipitation across 911 
some steepland regions of New Zealand, New Zealand J. Sci., 26, 197±209. 912 
Groisman, P. Y., and D. R. Legates (1994), The accuracy of United States precipitation data, 913 
Bull. Am. Met. Soc., 75(2), 215±227. 914 
Henderson, R., and S. Thompson (1999), Extreme rainfalls in the Southern Alps of New 915 
Zealand, J. Hydro., 38(2), 309±330. 916 
Herman, F., Anderson, B., and Leprince, S (2011), Mountain glacier velocity variation during 917 
a retreat/advance cycle quantified using sub-pixel analysis of ASTER images. J. Glacio., 918 
57(202), 197±207.  919 
Hock, R. (2003), Temperature index melt modelling in mountain areas, J. Hydro., 282(1-4), 920 
104±115, DOI: 10.1016/S0022-1694(03)00257-9. 921 
Hutter, K. (1983), Theoretical Glaciology: Material Science of Ice and the Mechanics of 922 
Glaciers and Ice Sheets, Reidel, Tokyo. 923 
Ibbitt, R., R. Henderson, J. Copeland, and D. Wratt (2001), Simulating mountain runoff with 924 
mesoscale weather model rainfall estimates: a New Zealand experience, J. Hydro., 925 
239(1-4), 19±32. 926 
Jarosch, A. H., C. G. Schoof, and F. S. Anslow (2013), Restoring mass conservation to 927 
shallow ice flow models over complex terrain, Cryosphere, 7(1), 229±240, DOI: 928 
10.5194/tc-7-229-2013. 929 
Jóhannesson, T., C. Raymond, and E. Waddington (1989), Time-scale for the adjustment of 930 
glaciers to changes in mass balance, J. Glacio., 35(121), 355±369. 931 
Kaplan, M. R., P. I. Moreno, and M. Rojas (2008), Glacial dynamics in southernmost South 932 
America during Marine Isotope Stage 5e to the Younger Dryas chron: a brief review with 933 
a focus on cosmogenic nuclide measurements, J. Quat. Sci., 23(6-7), 649±658, DOI: 934 
10.1002/jqs.1209. 935 
Kaplan, M. R., J. M. Schaefer, G. H. Denton, D. J. A. Barrell, T. J. H. Chinn, A. E. Putnam, 936 
B. G. Andersen, R. C. Finkel, R. Schwartz, and A. M. Doughty (2010), Glacier retreat in 937 
New Zealand during the Younger Dryas stadial, Nature, 467, 194±197, DOI: 938 
10.1038/nature09313. 939 
Kaplan, M. R., J.M. Schaefer, G.H. Denton, A.M. Doughty, D.J.A. Barrell, T.J.H. Chinn, 940 
A.E. Putnam, B.G. Andersen, A. Mackintosh, R.C. Finkel, R. Schwartz, B. Anderson 941 
(2013), The anatomy of long-term warming since 15 ka in New Zealand based on net 942 
glacier snowline rise, Geology, 41(8), 887±890, DOI: 10.1130/G34288.1. 943 
Kessler, M., and R. Anderson (2006), Modeling topographic and climatic control of east-west 944 
asymmetry in Sierra Nevada glacier length during the Last Glacial Maximum, J. 945 
Geophys. Res, 111, F02002, DOI: 10.1029/2005JF000365. 946 
 28 
Laabs, B., M. Plummer, and D. Mickelson (2006), Climate during the last glacial maximum 947 
in the Wasatch and southern Uinta Mountains inferred from glacier modeling, 948 
Geomorph., 75(3-4), 300±317, DOI: 10.1016/j.geomorph.2005.07.026. 949 
Le Meur, E., O. Gagliardini, T. Zwinger, and J. Ruokolainen (2004), Glacier flow modelling: 950 
a comparison of the Shallow Ice Approximation and the full-Stokes solution, Comptes 951 
Rendus Physique, 5(7), 709±722, DOI: 10.1016/j.crhy.2004.10.001. 952 
Long, D. T., S. C. Cox, S. Bannister, M. C. Gerstenberger, and D. Okaya (2003), Upper 953 
crustal structure beneath the eastern Southern Alps and the Mackenzie Basin, New 954 
Zealand, derived from seismic reflection data, New Zealand J. Geol. Geophys., 46(1), 955 
21±39, DOI: 10.1080/00288306.2003.9514993. 956 
MacGregor, K. R., R. S. Anderson, S.P. Anderson and E. P. Waddington (2000), Numerical 957 
simulations of glacial-valley longitudinal profile evolution, Geology, 28(11), 1031±1034. 958 
McKinnon, K. A., A. N. Mackintosh, B. M. Anderson, and D. J. A. Barrell (2012), The 959 
influence of sub-glacial bed evolution on ice extent: a model-based evaluation of the Last 960 
Glacial Maximum Pukaki glacier, New Zealand, Quat. Sci. Rev., 57(C), 46±57, DOI: 961 
10.1016/j.quascirev.2012.10.002. 962 
Nelson, C., I. Hendy, H. Neil, and C. Hendy (2000), Last glacial jetting of cold waters 963 
through the Subtropical Convergence zone in the Southwest Pacific off eastern New 964 
Zealand, and some geological implications, Palaeogeog., Palaeoclim., Palaeoecol., 156, 965 
103±121. 966 
Oerlemans, J. (1997), Climate sensitivity of Franz Josef Glacier, New Zealand, as revealed 967 
by numerical modeling, Arctic and Alpine Res., 29(2), 233±239. 968 
Oerlemans, J., B. Anderson, A. Hubbard, P. Huybrechts, T. Jóhannesson, W. Knap, M. 969 
Schmeits, A. Stroeven, R. van de Wal, and J. Wallinga (1998), Modelling the response of 970 
glaciers to climate warming, Clim. Dyn., 14(4), 267±274. 971 
Oerlemans, J. (2001), Glaciers and Climate Change, 1st Ed., A.A. Balkema, Lisse. 972 
Plummer, M., and F. Phillips (2003), A 2-D numerical model of snow/ice energy balance and 973 
ice flow for paleoclimatic interpretation of glacial geomorphic features, Quat. Sci. Rev., 974 
22(14), 1389±1406. DOI: 10.1016/S0277-3791(03)00081-7 975 
Porter, S. (1975), Equilibrium-line altitudes of late Quaternary glaciers in the Southern Alps, 976 
New Zealand, Quat. Res., 5(1), 27±47, DOI: 10.1016/0033-5894(75)90047-2. 977 
Putnam, A. E., G. H. Denton, J. M. Schaefer, D. J. A. Barrell, B. G. Andersen, R. C. Finkel, 978 
R. Schwartz, A. M. Doughty, M. R. Kaplan, and C. Schlüchter (2010), Glacier advance 979 
in southern middle-latitudes during the Antarctic Cold Reversal, Nat. Geosci., 3(10), 980 
700±704, DOI: 10.1038/ngeo962. 981 
Putnam, A. E., J. M. Schaefer, G. H. Denton, D. J. A. Barrell, R. C. Finkel, B. G. Andersen, 982 
R. Schwartz, T. J. H. Chinn, and A. M. Doughty (2012), Regional climate control of 983 
glaciers in New Zealand and Europe during the pre-industrial Holocene, Nat. Geosci, 984 
5(8), 1±4, DOI: 10.1038/ngeo1548. 985 
Putnam, A. E., J.M. Schaefer, G.H. Denton, D.J.A. Barrell, B.G. Andersen, T.N.B. Koffman, 986 
A.V. Rowan, R.C. Finkel, D.H. Rood, R. Schwartz, M.J. Vandergoes, M.A. Plummer, 987 
S.H. Brocklehurst, S.E. Kelley, K.L. Ladig (2013a), Warming and glacier recession in 988 
the Rakaia valley, Southern Alps of New Zealand, during Heinrich Stadial 1, Earth 989 
Planet. Sci. Lett., 382(C), 98±110, DOI: 10.1016/j.epsl.2013.09.005. 990 
Putnam, A. E., J. M. Schaefer, G. H. Denton, D. J. A. Barrell, S. D. Birkel, B. G. Andersen, 991 
M. R. Kaplan, R. C. Finkel, R. Schwartz, and A. M. Doughty (2013b), The Last Glacial 992 
Maximum at 44°S documented by a 10Be moraine chronology at Lake Ohau, Southern 993 
Alps of New Zealand, Quat. Sci. Rev., 62(C), 114±141, DOI: 994 
10.1016/j.quascirev.2012.10.034. 995 
Reichert, B.K., L. Bengtsson, and J. Oerlemans (2002), Recent glacier retreat exceeds 996 
 29 
internal variability. J. Climate, 15, 3069±3081. 997 
Refsnider, K., B. Laabs, M. Plummer, D. Mickelson, B. Singer, and M. Caffee (2008), Last 998 
glacial maximum climate inferences from cosmogenic dating and glacier modeling of the 999 
western Uinta ice field, Uinta Mountains, Utah, Quat. Res., 69(1), 130±144. DOI: 1000 
10.1016/j.yqres.2007.10.014 1001 
Roe, G. H. (2005), Orographic Precipitation, Annu. Rev. Earth. Planet. Sci., 33(1), 645±671, 1002 
DOI: 10.1146/annurev.earth.33.092203.122541. 1003 
Roe, G. H. (2011), What do glaciers tell us about climate variability and climate change?, J. 1004 
Glacio., 57(203), 567±578, DOI: 10.3189/002214311796905640. 1005 
5RH*+DQG0$2¶1HDO7KH response of glaciers to intrinsic climate 1006 
variability: observations and models of late-Holocene variations in the Pacific Northwest, 1007 
J. Glacio., 55(193), 839±854, DOI: 10.3189/002214309790152438. 1008 
Rother, H., and J. Shulmeister (2006), Synoptic climate change as a driver of late Quaternary 1009 
glaciations in the mid-latitudes of the Southern Hemisphere, Clim. Past, 1(3), 231±253. 1010 
DOI: 10.5194/cp-2-11-2006 1011 
Rowan, A. V., M. A. Plummer, S. H. Brocklehurst, M. A. Jones, and D. M. Schultz (2013), 1012 
Drainage capture and discharge variations driven by glaciation in the Southern Alps, 1013 
New Zealand, Geology, 41(2), 199±202, DOI: 10.1130/G33829.1. 1014 
Schultz, D., W. Steenburgh, R. Trapp, J. Horel, D. Kingsmill, L. Dunn, W. Rust, L. Cheng, 1015 
A. Bansemer, J. Cox, J. Daugherty, L.T. Jorgensen, J. Meitin, L. Showell, B.F. Smull, K. 1016 
Tarp, M. Trainor  (2002), Understanding Utah winter storms: The Intermountain 1017 
Precipitation Experiment, Bull. Am. Met. Soc., 83(2), 189±210. 1018 
Shulmeister, J., Fink, D. Hyatt, O.M., Thackray, G.D. and H. Rother. 2010. Cosmogenic 1019 
10Be and 26Al exposure ages of moraines in the Rakaia Valley, New Zealand and the 1020 
nature of the last termination in New Zealand glacial systems. Earth Planet. Sci. Lett., 1021 
297, 558-566.   1022 
Shulmeister, J., T. R. Davies, D. J. A. Evans, O. M. Hyatt, and D. S. Tovar (2009), 1023 
Catastrophic landslides, glacier behaviour and moraine formation - A view from an 1024 
active plate margin, Quat. Sci. Rev., 28(11-12), 1085±1096, DOI: 1025 
10.1016/j.quascirev.2008.11.015. 1026 
Sinclair, M., D. Wratt, R. Henderson, and W. Gray (1997), Factors affecting the distribution 1027 
and spillover of precipitation in the Southern Alps of New Zealand-a case study, J. App. 1028 
Met., 36(5), 428±442.  1029 
Steenburgh, W. (2003), One hundred inches in one hundred hours: Evolution of a Wasatch 1030 
Mountain winter storm cycle, Weather Forecast., 18, 1018±1036. 1031 
Tait, A., R. Henderson, R. Turner, and X. Zheng (2006), Thin plate smoothing spline 1032 
interpolation of daily rainfall for New Zealand using a climatological rainfall surface, Int. 1033 
J. Climatol., 26(14), 2097±2115, DOI: 10.1002/joc.1350. 1034 
Tippett, J., and P. Kamp (1995), Geomorphic evolution of the Southern Alps, New Zealand, 1035 
Earth Surf. Process. Landforms, 20(2), 177±192. 1036 
Tovar, D., J. Shulmeister, and T. R. Davies (2008), Evidence for a landslide origin of 1037 
New ZealDQG¶V:DLKR/RRSPRUDLQHNat. Geosci, 1(8), 524±526, DOI: 1038 
10.1038/ngeo249. 1039 
Willett, S. (1999), Orogeny and orography: The effects of erosion on the structure of 1040 
mountain belts, J. Geophys. Res, 104(B12), 28957±28981. 1041 
WGMS, 2013: Glacier Mass Balance Bulletin No. 12 (2010±2011). Zemp, M., Nussbaumer, 1042 
S. U., Naegeli, K., Gärtner-Roer, I., Paul, F., Hoelzle, M., and Haeberli, W. (eds.), 1043 
ICSU(WDS)/IUGG(IACS)/UNEP/UNESCO/WMO, World Glacier Monitoring Service, 1044 
Zurich, Switzerland, 106 pp., publication based on database version: DOI: 1045 
10.5904/wgms-fog-2013-11. 1046 
 30 
Woo, M., and B. Fitzharris (1992), Reconstruction of mass balance variations for Franz Josef 1047 
Glacier, New Zealand, 1913 to 1989, Arctic Alpine Res. 24, 281±290. 1048 
Wratt, D., M. Revell, M. Sinclair, W. Gray, R. Henderson, and A. Chater (2000), 1049 
Relationships between air mass properties and mesoscale rainfall in New Zealand's 1050 
Southern Alps, Atmos. Res., 52(4), 261±282. 1051 
Wratt, D., R. Ridley, M. Sinclair, H. Larsen, S. Thompson, R. Henderson, G. Austin, S. 1052 
Bradley, A. Auer, and A. Sturman (1996), The New Zealand Southern Alps Experiment, 1053 
Bull. Am. Met. Soc., 77, 683±692. 1054 
Yang, D., B. Goodison, S. Ishida, and C. Benson (1998), Adjustment of daily precipitation 1055 
data at 10 climate stations in Alaska: Application of World Meteorological Organization 1056 
intercomparison results, Water Res. Res., 34(2), 241±256. 1057 
Zuo, Z., and J. Oerlemans (1997), Numerical modeling of the historic front variation and the 1058 
future behavior of the Pasterze glacier, Austria, Annals of Glaciology, 24, 235±241. 1059 
 1060 
